Background: The 1.83 Megabase (Mb) sequence of the Haemophilus influenzae chromosome, the first completed genome sequence of a cellular life form, has been recently reported. Approximately 75 % of the 4.7 Mb genome sequence of Escherichia coli is also available. The life styles of the two bacteria are very different -H. influenzae is an obligate parasite that lives in human upper respiratory mucosa and can be cultivated only on rich media, whereas E. coli is a saprophyte that can grow on minimal media. A detailed comparison of the protein products encoded by these two genomes is expected to provide valuable insights into bacterial cell physiology and genome evolution.
Background
The 1.83 Megabase (Mb) sequence of the Haemophilus influenzae chromosome, the first complete genome sequence of a cellular life form, has been recently reported by Fleischmann et al. [1] . Approximately 75 % of the 4.7 Mb genome sequence of Escherichia coli is also available [2] . The life styles of the two bacteria are quite different. H. influenzae is an obligate parasite that is adapted to living in human upper respiratory mucosa, occasionally invading the bloodstream and cerebrospinal fluid; it can be cultivated only on rich media [3, 4] . E. coli is a saprophyte that can grow on minimal media [5] . Phylogenetically, E. coli and H. influenzae are relatively close to one another, both belonging to the same branch within the gamma subdivision of purple bacteria [6] . E. coli is arguably the best studied of all organisms [7] . In contrast, the information that is currently available on the biochemistry and physiology of H. influenzae is limited ( [3, [8] [9] [10] [11] and references therein). Thus, a comparison of the E. coli and H. influenzae genomes is expected to be instrumental in deducing the metabolism of a poorly characterized bacterium from that of a well understood one. It may also provide insights into the nature of changes in gene repertoire and genome organization that parallel the 2.5-fold difference in genome size and the physiological dissimilarity between the two bacteria. Such information will be important for studying the molecular basis of H. influenzae pathogenicity.
Here we present the results of our computer analysis of the amino-acid sequences of 1703 putative proteins encoded by the complete genome of Haemophilus influenzae, and of our comparison of these sequences with those of proteins known to be encoded by the E. coli genome.
Results and discussion
Re-evaluation of the set of H. influenzae genes H. influenzae is the first organism for which protein sequence conservation could be evaluated in the context of the complete genome. A prerequisite for such an analysis is a set of genes that can confidently be predicted to encode real proteins. The H. influenzae genome sequence submitted to GenBank includes 1747 predicted proteinencoding genes; 50 of these coding regions contained frameshifts and were not translated -these have been referred to as ''miscellaneous features'' ( [1] , and subsequent Genbank updates). We compared the intergenic regions from the H. influenzae GenBank entry to the protein sequence databases using the BLASTX program. The results revealed a number of highly significant sequence similarities, indicating that these regions may contain additional genes. Furthermore, among the putative H. influenzae proteins referred to in [1] , there are a number of very short ones, and it is unclear whether the respective genes have been correctly identified.
Given these uncertainties, we considered it necessary to revise the set of proteins encoded by the H. influenzae genome. Using an approach that combines sequence similarity searches with statistical analysis of the DNA sequence, analysed using the GeneMark program (see Materials and methods), we produced a new set of 1703 putative H. influenzae protein-encoding genes. In addition to 1572 open reading frames (ORFs) that remained the same as in [1] (the updates taken into account), it contains 23 new ORFs, and 107 ORFs that are modifications of the original ones (including reconstructed translations of ''miscellaneous features''). These modifications included reassigning an initiation codon, and merging two adjacent ORFs that were separated by a frameshift, as deduced from their similarity to different parts of the same protein in the database. We eliminated 47 short putative genes from the original set, because their existence could not be corroborated by any of the applied methods. Frameshifts or in-frame stop codons were found in 62 H. influenzae genes (3.6 % of the total). Several genes also contained large deletions and/or rearrangements, as compared to the E. coli orthologs. Many of these mutations might have accumulated during the numerous laboratory passages of the Rd strain of H. influenzae that was used for sequencing, and the respective genes may not express functional proteins. An additional unusual feature was a direct repeat of 5432 nucleotides at positions 1 410 877-1 416 308 and 1 544 123-1 549 554 of the H. influenzae genome, which contained 5 complete genes. The origin of this repeat remains unclear. We reoriented the sequence of the H. influenzae chromosome to start from the replication origin (oriC), and new names, HIN0001-HIN1703, with pointers to E. coli orthologs and the original numbers from [1] , were assigned to all of the putative proteins. Conservation of protein sequences between H. influenzae and E. coli, and prediction of H. influenzae protein functions
The revised set of 1703 protein sequences encoded by the H. influenzae genome was compared to the NR database, as described in Materials and methods. A detailed analysis of relatively weak sequence similarities, as well as the rapid growth of databases, allowed us to detect statistically significant sequence similarities for 92 % of the H. influenzae proteins as compared to 78 % in [1] . About two-thirds of the proteins contained regions that are conserved at least at the level of distantly related bacteria (defined as those outside the Proteobacteria domain in the bacterial phylogenetic tree [6] ). The fraction of proteins containing ancient conserved regions (ACRs) -that is, sequences shared with eukaryotic or archaeal proteins [12] was only slightly higher in H. influenzae than in E. coli [13] , in spite of the 2.5-fold difference in the total number of proteins (Fig. 1) . In other words, the much smaller set of H. influenzae gene products was not significantly enriched in highly conserved proteins. Conceivably, the presence of ACRs in about 50 % of the proteins may be typical of bacteria in general.
Originally, functional predictions were reported for 58 % of the putative H. influenzae proteins [1] . In a subsequent study, functions of another 8 % were tentatively identified [14] . The study by Fleischmann et al. [1] does not describe any attempt to predict the functions of H. influenzae gene products homologous to uncharacterized 'hypothetical proteins' in the database. In order to identify additional reliable similarities to functionally characterized proteins, we examined each of these cases using methods for motif analysis and multiple alignment. As a result, functional predictions were made for 83 % of the H. influenzae gene products. We were able to assign 63 % of the putative proteins to one of 12 broad categories that are a modification of the classification introduced by Riley [15] ; for the remaining proteins only a more general prediction -such as ATP-utilizing enzyme, permease, or transcriptional regulator containing a helix-turn-helix domain -was feasible (Table 1) . Notably, among the 295 putative H. influenzae gene products whose functions could not be predicted, 27 contained highly conserved regions that may represent novel families of essential proteins.
The vast majority of H. influenzae genes have orthologs in E. coli
In order to compare genomic organization or metabolic pathways in E. coli and H. influenzae, it is first necessary to clearly distinguish between orthologs and paralogs among the genes of these bacteria. Orthologs have been defined as homologous genes in different organisms that encode proteins with the same function, and that have evolved by direct, vertical descent; paralogs are homologous genes within an organism encoding proteins with related but non-identical functions [16] . Because a specific function can usually only be inferred for orthologs, a reliable list of such genes is critical for functional and phylogenetic reconstructions. Similarly, comparative analysis of genome organization can be based only on a comparison of the order of orthologous genes.
Even though a number of sequence similarities between E. coli and H. influenzae proteins have been detected [1] , the issue of orthology versus paralogy has not been specifically addressed. We therefore performed a new comparison of the 1703 putative H. influenzae proteins with the 3010 proteins encoded by the sequenced 75 % of the E. coli genome ( [17] ; K.E.R., data not shown). An E. coli protein was considered to be the ortholog of a H. influenzae protein if: firstly, it showed at least several percent higher similarity to a given H. influenzae protein than to any other E. coli protein; secondly, the two proteins showed a higher similarity to each other than to homologs from phylogenetically more distant organisms; and thirdly, the sequences of the potential orthologs aligned throughout most of their lengths (with a few exceptions for domain deletions). In a few cases, when comparable similarity was observed between the given H. influenzae protein sequence and several E. coli proteins, a decision on orthology could be reached on the basis of gene position analysis; thus, if a pair of proteins from H. influenzae and E. coli belonged to apparently orthologous operons (see below), they were likely to be orthologs. A similar approach to ortholog identification has been recently used in the analysis of a partial sequence of the Mycoplasma capricolum genome [18] .
Altogether, significant sequence similarity to E. coli proteins was detected for 1307 putative H. influenzae proteins; of these, 1128 appeared to have an E. coli ortholog. As 66 % of the H. influenzae genes have an ortholog among the 75 % of the E. coli genes whose sequences are currently available, it may be inferred that, when the sequencing of the E. coli genome is complete, orthologs will be detected for nearly 90 % of the H. influenzae genes. 
Figure 1
Amino-acid sequence conservation in E. coli and H. influenzae. The graph is organized using an hierarchical rule: 'distant bacteria' indicates that the proteins in the given set have detectable homologs in distantly related bacteria but not in eukaryotes or Archaea; 'closely related bacteria' indicates that the proteins in this set do not have detectable homologs in distantly related bacteria. The percentage identity between orthologs spanned a wide range (between 18 % and 98 %), but the majority of pairs (875 out of 1128) contained between 40 % and 80 % identical amino-acid residues, with the median of the distribution at 60 % identity. On average, the H. influenzae/E. coli orthologs contained 59 % identical and 75 % similar amino-acid residues. The typically high sequence conservation between orthologs contrasts with the 2.5-fold difference in the total number of genes in the two genomes. The list of orthologs provides a basis for attempts to understand the nature and origin of this difference and to reconstruct at least some of the unknown biochemical pathways of H. influenzae.
Low level of gene paralogy in a small bacterial genome
About 50 % of E. coli proteins belong to clusters of paralogs [13] . Most of these groups are small, although there are several large clusters, which consist of proteins involved in metabolite transport and regulation of gene expression. We performed an analogous clustering of the H. influenzae proteins. The level of paralogy, defined as the ratio of proteins that have paralogs to the total number of proteins, was lower in H. influenzae than in E. coli -only about one third of the H. influenzae proteins had paralogs. Very recently, a closely similar estimate of the number of paralogs in H. influenzae, based on a different method for comparing protein sequences, has been published [19] .
A comparison of individual clusters ( Fig. 2) revealed that the majority of them were either missing in H. influenzae or were represented by a single protein, orthologous to one of the proteins in the respective E. coli cluster. Most of the other clusters contained a smaller number of proteins in H. influenzae than in E. coli, and we only observed the opposite situation for seven clusters. Specifically, several families of permeases and regulators of transcription in E. coli were reduced to a single protein in H. influenzae, and the total number of proteins in each of these classes was much smaller than in E. coli (Table 2) . Of the 110 pairs of paralogous enzymes (typically differentially regulated) that have so far been detected in E. coli, 60 were represented by only one ortholog in H. influenzae, whereas 26 were absent. The low level of paralogy in H. influenzae, compared to E. coli, may be explained by a reduction in the specificity of transport and regulatory proteins, simplified regulation of many metabolic pathways and an absence of entire functional systems that in E. coli are mirrored in other, paralogous systems (such as those utilizing different sugars).
Large clusters of paralogs are particularly unusual in H. influenzae, with only 2 containing 10 or more proteins, in contrast to 18 in E. coli. Over 20 % of the E. coli proteins belong to the four largest superclusters that, in addition to permeases and helix-turn-helix regulatory proteins, include ATPases and GTPases with the conserved 'Walker-type' motif, and dinucleotide-binding proteins [13] . We found that, compared to E. coli, the number of transcriptional regulators containing the helix-turn-helix domain and transporters (permeases) in H. influenzae was even smaller than expected, based on the difference in the total number of genes (Table 2 ). In contrast, the number of ATPases and GTPases is greater than expected, and in H. influenzae these proteins made up an even larger fraction of gene products than in E. coli (Table  2) . Conceivably, the fraction of ATP-and GTP-binding proteins that are essential for H. influenzae cell function is higher than it is in the other large protein superclusters.
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Figure 2
Clusters of paralogous proteins in E. coli and H. influenzae.
Table 2
The four largest superclusters of paralogs among E. coli and H. influenzae proteins*. *In addition to the proteins initially clustered on the basis of pairwise sequence comparisons, each of the superclusters also includes a number of proteins that contain only the respective conserved motif. The alignment blocks used for motif searches have been delineated in the course of our previous analysis of E. coli proteins [13] . † The indicated number of permeases is based on the results of BLASTP searches and searches with several distinct motifs and should be considered to be an estimate.
Number of proteins (% of total)
We found 18 clusters of paralogs that were present in H. influenzae, but not in E. coli (counterparts to some of these may be eventually identified among the remaining 25 % of the E. coli genes). Notably, proteins in some of these unique groups were similar to pathogenicity factors of other bacteria, such as Neisseria and Shigella, and included cell-surface proteins, enzymes involved in the biosynthesis of surface lipopolysaccharides, and immunoglobulin proteases. These proteins may be directly relevant to H. influenzae pathogenicity (Table 3 ). Another unique cluster included two putative permeases that showed highly significant similarity to eukaryotic amino-acid transporters, but had no bacterial homologs, suggesting that these H. influenzae genes may have been acquired by horizontal transfer. A comparison of the organization of these clusters in Rd strain and pathogenic isolates of H. influenzae may be important for understanding the mechanisms of the H. influenzae pathogenicity.
Extensive gene shuffling in bacterial evolution
Detailed comparisons of the genetic maps of E. coli and Salmonella typhimurium that are thought to be separated by 120-160 million years of evolution [20] have resulted in the paradigm of bacterial genome stability [21, 22] .
Indeed, in spite of the ample potential for different types of recombinational events, the two maps are very similar to each other [23] , suggesting that strong selective constraints operate to preserve the gene order. Furthermore, some colinearity has been observed, even at much greater evolutionary distances, namely between the gene orders of E. coli and Bacillus subtilis [24, 25] . On the other hand, significant differences between physical maps of H. influenzae type b strains have been described [26] . The availability of the complete H. influenzae genome sequence and most of the E. coli sequence allows one to address the genome rearrangement issue in a more definitive way.
A comparison of the positions of the orthologous genes in the E. coli and H. influenzae chromosomes clearly showed a lack of a long-range colinearity (Fig. 3) . When the distribution of orthologs belonging to different functional categories (Table 1) was examined separately, no significant colinearity was detected either (Fig. 3) . Locally, however, there was an easily discernible conservation of the gene order, with the majority of orthologs found in conserved gene strings. For the purpose of this comparison, we defined a conserved gene string as a group of two or more orthologous genes that are adjacent in both genomes, regardless of the direction of transcription. Most of the conserved strings contained only 2-4 genes, but there were also several long strings, with the largest one, the ribosome protein gene superoperon, containing 28 genes in a row (with an insertion of one unique gene in H. influenzae). Notably, only about one half of the conserved strings were operons in E. coli (Table 4) . A large fraction of the genes in non-operon strings have no known functional relationship to one another and are frequently divergently transcribed. Even though some as yet unknown physiological links may exist, it seems unlikely that the conservation of many of the non-operon strings results from functional constraints. Rather, we believe that these conserved strings are vestiges of an ancestral gene order.
These findings show that there has been extensive gene shuffling along the evolutionary path, separating E. coli and H. influenzae from their common ancestor. In order to find out whether or not this shuffling was directly related to the difference in size between the E. coli and H. influenzae genomes, we evaluated the conservation of the gene order between E. coli and Bacillus subtilis (which has a 4.2 Mb genome [27] ). In the two available long, contiguous B. subtilis sequences [28] , we found 111 genes with readily detectable orthologs in E. coli; 21 of these genes are arranged in 6 strings conserved between B. subtilis and E. coli. In this set of 111 E. coli genes, 65 had orthologs in H. influenzae, with 46 genes belonging to 34 conserved strings (most of these conserved strings contained additional genes without counterparts in B. subtilis). From these observations, however limited, it seems that the extent of shuffling between bacterial genomes is more related to the evolutionary distance separating bacterial species than to the difference in the genome size.
Deducing H. influenzae metabolism from protein sequence comparisons
For 860 H. influenzae proteins, the E. coli orthologs could be assigned to one of the 12 broad functional categories. The representation of different categories of E. coli proteins by orthologs in H. influenzae was strongly nonuniform. Not unexpectedly, orthologs of numerous genes 284 Current Biology 1996, Vol 6 No 3
Figure 3
Comparison of the order of orthologous genes in the E. coli and H. influenzae chromosomes. For each of the chromosomes, the replication origin, oriC, was chosen as the zero point. The axes represent the complete chromosomes in the clockwise direction. Each square is supposed to represent a pair of orthologous genes with the respective coordinates in the E. coli and H. influenzae chromosomes. However, because of the large scale of the plot, many squares actually correspond to several pairs. The functional categories of proteins are color-coded.
H. influenzae Table 4 Conserved gene strings in E. coli and H. (Fig. 4) . The proteins involved in translation were also most highly conserved at the amino-acid sequence level, but otherwise, there was no obvious correlation between the fraction of proteins represented by orthologs within a functional category and sequence conservation (data not shown).
We attempted to systematically deduce the metabolism of H. influenzae from the results of protein sequence comparisons by superimposing the predicted enzymatic activities of orthologs on the known E. coli metabolic pathways. In addition, we examined the predicted functions of those H. influenzae proteins that did not have orthologs in E. coli, but had homologs in other organisms, because we reasoned that some of these genes might provide missing links in the reconstructed pathways. (Table 5) . Furthermore, ubiquinone, the principal aerobic electron acceptor, has not been found in the bacteria of the genus Haemophilus, whereas menaquinone, the anaerobic acceptor, is present [29] . Accordingly, no orthologs of the genes encoding enzymes of ubiquinone biosynthesis were detected in H. influenzae, whereas the menaquinone biosynthesis system was intact.
The notion that H. influenzae has a largely anaerobic metabolism is compatible with the dramatic alteration of the tricarboxylic acid (TCA) cycle. It has been noticed that in H. influenzae the TCA cycle is incomplete, because of the absence of three enzymes, namely citrate synthase, isocitrate dehydrogenase and aconitase [1] . We found that another TCA cycle enzyme, succinate dehydrogenase, was also missing in H. influenzae. For yet another TCA cycle enzyme, fumarate hydratase, which in E. coli is represented by three paralogs, only one protein was found in H. influenzae, and the respective gene, fumC, contained a frameshift and may not express an active enzyme (it should be noted that fumarate hydratase activity has been detected in clinical isolates of H. influenzae [30] ). What remains of the TCA cycle in H. influenzae strain Rd is unlikely to form a cyclic, catabolic pathway, given also the absence of the enzymes of the glyoxylate cycle. Instead, a non-cyclic, branched, biosynthetic pathway can be envisaged (Fig. 5a ). This pathway has been reported to function in E. coli under anaerobic conditions or under aerobic conditions in the presence of glucose [31] . Oxaloacetate entering this pathway is probably formed from pyruvate or phosphoenolpyruvate. Enzymes for both types of reactions were encoded by H. influenzae (Fig. 5a ).
In contrast to the dramatic reduction in respiratory chains and carbohydrate metabolism, the 'damage' to the central reactions of nucleotide and amino-acid metabolism in H. influenzae was limited. The initial three steps in the biosynthesis of pyrimidines and five steps in the biosynthesis of arginine are lacking; in both cases, the missing steps can be circumvented by the presence of the same intermediate, citrulline; citrulline (or arginine plus uracil) is required for H. influenzae growth [32] .
The pathway of cysteine biosynthesis and anabolic sulfate reduction in H. influenzae remains unclear. There were no (Fig. 5a) , and a crucial component of the nitrogen assimilation pathway, which is modified in H. influenzae (Fig. 5b Notably, among the two groups of aminotransferases that catalyze the interconversion of dicarboxylic amino acids and their amides in E. coli, only the ammonia-dependent enzymes were present in H. influenzae, whereas the glutamine-dependent enzymes were missing. Together with the observation that the 54 RNA polymerase subunit and the 54 -dependent NtrC-related transcription regulators are missing in H. influenzae [1] , this illustrates the simplification of regulatory pathways in H. influenzae, as compared to E. coli, and suggests that H. influenzae is adapted to growth in a nitrogen-rich environment (Fig.  5b) . Generally, the significant decrease in the number of proteins involved in nucleotide and amino-acid metabolism in H. influenzae as compared to E. coli (Fig. 4) results from the reduction in the multiplicity of transport and regulatory systems, rather than to elimination of central pathways.
It is known that several metabolites and coenzymes are either required for H. influenzae growth or strongly stimulate it [4] . Based on the results of protein sequence comparisons, each of these requirements can be explained in terms of the absence of specific enzymes. As a rule, the extent of damage in the biosynthetic pathway for a given coenzyme correlates with the extent of reduction in the number of enzymes that require this coenzyme for activity ( Table 5 ).
The lipopolysaccharide component of the outer membrane in H. influenzae lacks a long O-antigen chain [11] . In accord with this, H. influenzae did not have orthologs of the rfb, rfc, and rff genes, which encode enzymes involved in the biosynthesis of O-antigen and the distal part of the lipopolysaccharide outer core. In contrast, orthologs of the E. coli enzymes that mediate the biosynthesis of lipid A, the inner core of the lipopolysaccharide and the first hexose residue of the outer core were encoded by H. influenzae (Table 5) .
In general, it should be noted that Rd is a non-pathogenic laboratory strain whose gene repertoire might not be fully representative of all highly variable isolates of H. influenzae [4, 11, 30] ; hence, caution should be exercised in generalizing these reconstructions to other H. influenzae strains.
Conclusions
The comparison of the H. influenzae and E. coli genomes reveals, at a new level, the dichotomy between ''tempo and mode'' that is typical of bacterial evolution [33] . In contrast to the generally high sequence conservation between orthologous proteins, drastic differences are observed both in the repertoires of genes and in their arrangement in the chromosomes of the two bacteria.
The 2.5-fold reduction in the number of genes in H. influenzae compared with E. coli is partly a result of the absence of many functional systems, notably respiratory chains and pathways of carbohydrate utilization. The other major contribution to the decrease in the genome size comes from the lower extent of gene paralogy. This may involve a lower specificity of transport and regulatory systems and a simplification of regulatory networks.
There is no detectable long-range colinearity between the orders of orthologous genes in the E. coli and H. influenzae chromosomes but the majority of orthologs belong to conserved gene strings. Apparently some of these gene strings are conserved because of functional constraints, and others just for historical reasons.
A large amount of information on the metabolism and physiology of a bacterium is encrypted in its protein sequences. A detailed analysis of these sequences has allowed us to reconstruct the central metabolic pathways of H. influenzae. Notably, all of the known nutritional requirements could be explained in terms of the absence of specific enzymes.
Is H. influenzae a product of degenerative evolution that could be expected in a parasite, or is it close to a primitive ancestral bacterium? We believe that these views are not necessarily mutually exclusive. 
